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LONGi~~lXAL ST%BILITY INVZSTIGATION FOR A MACH IKJMBm 

W G E  OF 0.8 TO 1.7 OF AN AEPIAIVE CONFIGURATION WITH 

A 45O STWEPT WING P,ND A LOW H O R I Z O ~ I ,  TAIL 

By John C . McFall, Jr. 

S m m Y  

A n  airglane  configuration  nodel  hving a 45O swept wing  of espect 
r a t i o  4.0 znd taper   ra t io  of 0.3 with e low swept horizontal  t a i l  has 
been flown i n  a longi tudinal   s tabi l i ty   invest igat ion over a Mach  number 
rmge of 0.8 to 1.7. Ungitudinal  serdyl-am5.c coefficients end s t a b i l i t y  
derivatives for the  configuratioll  are  gresented  as  functions of Mach 
number over t h e   t e s t  rznge. Comparisons of l if t-curve  slopes  are nede 
wit'n  wind-tun-n-el dsta and comparisons of t z i l  effectiveness  are made 
with  rocket-node1  data, and show generally good agreement. Absence of 
an  unstable  break  in t'ne pitching-moment curve,  usual3y  associated  with 
this wing, izdicates  a  favorable  location of Kne horizontal  t a i l  for the 
l i f t  a d  bkch Ember  range of the  imrestigation. 

m i O D U C T I O N  

With the  advent  of  transonic a i r p h e s   t h e  need f o r  aerodyneslic 
derivatives at higher Mach numbers 5h.m generally  available  has  greatly 
increased. Sone ezslier investigations a t  transonic and low supersonic 
speeds t o  determine  lor?gitudinel and lateral s t ab i l i t y   cha rac t e r i s t i c s  
of airplene  configurations  having wFngs of vmious  plan forms and thick- 
ness have been  reported by the NACA in   re lerences 1 t o  7. Eore recently, 
the flight t e s t s  reported  in  references 8 t o  U. have  extended the inves- 
t iga t ion  of airplane  configurations  to  higher  supersonic Mach cumbers 
(1.7 t o  2 . 3 ) .  As a continuation of this   generel   research  f ree-f l ight  
program, ESI airplane  cor&iguration  with a 450 swept wing of aspect 
ratio 4.0 and a low hor izonta l   t a i l   has  been ?lam i n  a longitEdir?al 
s tzb i l i ty   inves t iga t ion  over a Mach  number rmge of 0.8 t o  1.7. Data 
froE Yne present test are compged with  other  rocket-model data, refer- 

flakn z.t the Lamgley Pi lo t less   Ai rcraf t  Resemch Stetion at Wallops 
Islmd, Va. 

* ence 9 ,  a d  with wind-tmnel  deta,  references 12 t o  16. The made1 was  
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ncml-force coefficient, - an V& 
Q 9  

chord-force  ccefficient, - - “2 * 
g q  

lift  coefficient, CiG COS a - Cc sir? a 

lift-carve  slope,  per  deg 

effectiveness of horizontal  tail  in  producing  lift, 
per  deg 

drag coefficiezt, Cc cos u + C ~ J  sin a 

pitching-noment  coefficient,  center of gravity  located 
at 0.2725; 

slope  of  pitching-moment  curve,  Fer  deg 

effectiveness  of  horizontal  tail  in  producing  pitching 
mcment, per deg 

effectlve  value  of C-- * = 0.688 7, per  deg 
m p ~  cnp 

Iz 
qsbp 

rate of change of yawing-moment  coefficient  with  side slip 
angle, per  deg 

SUIT? of - pitch-dmping - coefficients,  per radim, 

aspect  ra$io 

1ocgltudin.d  ecceleration,  ft/sec2 

nsrE1 acceleration,  ft/sec2 

aerodynamic center 

wing span, ft 

cycles  per  second 
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mea aerodynamic chord, f t  

fuselage 

acceleration of gravity,   f t /sec2 

monent of i n e r t i a   i n  yaw, slug-& 

factor  for converting  elestic  wing-lif t  data to rigid  values 

load  Epplied,  lb; or l i f t ,  Ib 

drag, 1b 

Mach  number 

t a i l  

period of oscil lation,  sec 

f ree-s t rean  s ta t ic   press-me,   lb/sq I"% 

standard  see-level  stst ic  pressure (2,116 lb/sq f t )  

free-stream  dynazc  pressure, Ib/sq f t ;  or - de 
at 

Reynolds nmber,  besed on wLng nean aerodynemic chord 

wing mea (including eree.  enclosed  within  fuselzge), sa_ I"t 

time to damp t o  one-half zorplitude, sec 

time, sec 

w e i g h t ,  lb; or wing 

l a t e r e l   d i s t m c e  from fuselage  center  line, f t  

engle  of  attack, deg 

mgle  of srdeslip,  deg 

control  surface  deflection  with  respect t o  fuselage  center 
l i n e   ( p e r a l l e l   t o   f r e e  stream), deg 
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7 loading  station or twist s te t ion,  

e l oca l  s t rewise wing twist zngle  produced by lo&d L, 
radiar-s; or model angle of pitch, deg 

Subscript: 

t t r i m ,  or t a i l  

The symbols a and 6 used as subscripts  indicate the aerivetive 
of the  quantity w i t h  respect t o  the  subscript, for example, 

Model 

PhJsical  chzracteristics of the model are shown i n  figure 1 by a 
drzwing znd i n  figures 2(a) and 2(b) by photographs. A photograph of 
the  boost system util ized  along with the =ode1 i n  launching  position is  
presented as figure  2(c).  The holes i n  the  fusehge, figures 2(a) 
acd 2(b), were phgged and faired before the model was flown. 

The fuselage and engemage of t h i s  configuratFon me the sane as 
those of reference 9, w i t h  two exceptions: the v e r t i c a l   f i n  was changed 
from a conposite of wood and aluninun  elloy  to  solid zluninum alloy, and 
the  section of the  fuselage  in which the wing was mounted w a s  changed 
frm aPninum  alloy t o  s tee l .  The fuselage  ordinates of the present 
model are  presented  as table I. 

The wicg of the present  corr-tiguration had an aspect   ra t io  of 4.0, 
450 sweeFbacB of the quzrter-chord  line,  taper  ratio of 0.3, and 
NACA 65~006  a i r fo i l   sec t ions  parallel t o  the free stream. The w i n g  was 
made cf solid s tee l .  

m e  horizolltal ta i l  w&s def lected  in  ar, approximate square-weve 
progrm from 6 = 00 t o  6 = -1L.5O by an electrohydraulic system 
described  in  reference 5. 

Y 

The rmge of the argle-of-attack  indicator wes limited t o  1150. 
The sting  holding the h d i c a t o r  was deflected  to alluw angle-of-attack 
meas-mements from -3.30 t o  26.7. 
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c The model  weighed 151.3 pounds end had the  following  moments of 
inertia:  pitch, 8.85 slug-ft2; yaw, 9.07' slug-ft2; roll, 1.08 slug-ft2. 

station es the  27.2-percent  position of the w i c 4  mean- aerodynamic  chord. 
- The center  of gravity of the  model  was  located  et  the same longitudinal 

Ground  Tests 

Vibrational  characteristics  of  the  model  were  determined  by 
recording  the  response of the  model to vibrations of lmawn frequencies. 
These  vibrations  were  applied  with am electronechanical  shaker.  !be 
observstions  were  as  follows: 

Coqonent 
Frequency, 

CPS 

Wing:  First  bending . . . . . . . . . . . 
224 Secom3  bending . . . . . . . . 6% 

I I I I Horizontal  fins : First  bending . . . . . I 92 I 
I Vertical  Fin:  First  bending . . . . . . . 1 52 I 
Structural  influence  coefficients for the  steel  wing  were  measured 

0 as  in  rer"ereEce 4 ztd are  presented  as  figare 3. Measurements  were  made 
of instrument  positions  relative  to  the  center  of  grzvity of the  model 
for later  use  in  instrument  displacemefit  corrections  to  the  data. 

The  model  we8  launched  at EXI angle  of  epproximately 700 from  the 
horizontal.  Acceleration of -the model  to a hhch  number  of  about 1.7 was 
accomplished w i t h  a solid->ropeUant  rocket-boost  system.  The  model 
separated  from  the  booster  at  peak  Yach  number  and  data  were  recorded 
from the model  -Lhrou&out the 90 seconds or" flight. 

Most of the  data  presented  were  taken  during the time from 3 to 
20 seconds,  while  the model decelerated in coasting  flight frm M = 1.7 
to E4 = 0.8. Some additional  deta ( C b  at M = 0.71) are  presented 
which  were  obtained  during  the  last 20 secoads  of  the  flight (TO to 
90 secollds),  while  the  model mintained a Mach number of approximately 
0.73 after  accelerating  from a minimum Vach  number of about 0.4 at the 
p e a  of  the  model  flight  path. I 



Ins-Lrmntation mounted in   the model included  tne  foilowing: two 
noma1 accelerameters,  trznsverse  acceleromter,  longitudinal  acceler- 
orneter, aEgle-of-attack and sideslip  indicator,   control  posit ion  indi-  
cator,  =gular  accelerometer  sensitive t o  roll, total   pressure,  and 
body orifice  gressure. 

Ground instr-nertation  included  trackiog rzdar, Doppler radsr for 
velocity xeasurement,  radiosonde Tor atmospheric  conditiors,  teleneter 
receiving and recording  equipmnt, and photographic  tracking. 

Rewolds nurcber based on ving  me&^ z e r o d y n d c  chord is shown i n  
f i g n e  4 for the &hch nuqber range of the test. 

The r a t i o  of f ree-s t rean   s ta t ic  Dressme t o  stankrd sea-level 
pressme i s  presented  as  figzre 5 for use i n  comparing the aeroelestic 
deta of this t e s t  w i t h  da%a from other  sources. 

ANALYSIS 

The eoelysis of the  response of the model to  the  deflection of the 
all-mva3le  hcrizontal  tai l  i n  approximate sqxmre-wave progran fo l lmed  
tke  techique of reference 1. Smell correctiom f o r  instrwne-n-t displace- 
re_n-ts were applied to the accelerometers u?d t o  the mgle-of-zttack and 
s ides l ip  vaze as k;as been done i n  previous models, references 1 t o  7. 

ACCIEUCY 

Estimted  accuracies or  basic   qi lmti t ies  and calculated  accuracy of 
perameters are presented ES $abies I1 End 111. Estirmted  accuracies  are 
based on experinental   repeatzbil i ty for w e i g h t  znd an the assumption of 
21-percent to S - p e r c e n t   e r r o r   i n   f u l l - s c a l e   i m t r m n t  rar.ge. !*ch 
nlmbers are Yfiought t o  be accwzte   to  *l percent a t  scpersonic speeds 
m-d i-2 percent at suSsonic  speeds. As stated  in  reference 8, the  incre- 
mental  values and relative  trends  ere much zore  accicrete  thzn  the  sbsolute 
leve l  or' the measurerients. A conperison of Cr, a d  & near the 
beginning or" the T l L g h t  a f t e r  the model had decelerated t o  14 = 0.73 
with  dzta obtained  over  the l a s t  20 seconds of f l i gh t ,  elso at spsroxi- 
Iretely M = 0.73, indicated good repeatzbi l i ty   in   quant i ty   as   wel l  as 
i n  masured Elo2es. 



DISCUSSION OF RFSULTS 
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Vaxiation of trim m g l e  of a t tack  md t r i m  l i f t  coefficier?t w i t h  
Mach omber are sham i n  figure 6 .  The model t r i m e d  a t  smll negative 
2"gles  of a t tack  a d  low negative lift coeff ic ients   for  the zero t a i l  
sett ings.  For the -4.30 t a i l  set t ing,  t r i m  angle of attack  varied 
betmeen 3 O  and ko while t r i m  lift coef f ic ien t   wr ied  between 0.17 
md 0.30. A smll a p l i t u d e   o s c i l l a t i o n   i n   a n g l e  of s ides l ip  of less 
t h a  330 a t  supersonic  speeds and less them -0 et subsonic  speeds 
trimmed abmt zero  throughout the flight. 

Lift 

The l inear   var ia t ion  of l i f t  coefficient w i t h  mg le  of a t tack up 
to a. = 80 and CL = 0.5 may be seen i n  figure 7. 

Values of a factor  K t o   co r rec t  measured lif t-curve  slopes t o  
r ig id  values are sham i n  figure 8(a). These values were obtained from 
the  structural   influence  coefficients of figure 3, using  the method of 
reference 4. Tne 0.25-chord loEding values were used up t o  M = 1.0, 
kher? the 0.50-chord loadings were used f o r  the remainder of %he test  
range. 

.I 

%%e s m l l  K-factor  correction for wing f l e x i b i l i t y  has beell applied 
t o  the measured l i f t -curve slopes shown i E  figure 8(b) f o r  the present 
test, and the corrp.zrison data presented flrm references 14, 15, a d  16 
are  f o r  r i g i d  wings w i t h  reference 16 hzviog  been  corrected t o   r i g i d  
values  using h t a  from reference 15. Tbe solid curve shorn- in   f igure  8(b)  
was obtained by subtracting a value of t a i l  con t r ibc t ion   t o   t o t a l  l i f t  
curve fron the total   l i r t -curve  s lope.  This ta i l  contribution was  calcu- 
la ted from e similzr plan--form liI't-curve slope, obtained from refer- 
ences 4 and 14, w i t h  dawnwash values  from  reference 13. The agreement 
observed between present test values znd data from other  sources is  
cocsidered good. 

Drsg 

Drag coeff ic ient  8s a functiol?  of lift coeff ic ient   for  some of tke 
test bkch numbers i s  s h m  i n  figure 9. Mininun drag valces read d i rec t ly  
f ron the law lift drag polars, and values  extrzpolated  fron the high lift 
p o l u s ,  over their l inear  lift rm-ge, n e  presented  in  f igure 10. 



TIE drag-due-to-lift  parameter dCD/dCL2 p lo t t ed   aga ins t   kch  
number is  shown ir? figure 11. Values for  zero  lezding-edge  suction 
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57=3c-,, are  presented  for comparison purposes. 

The measwed and extrapolated m x i m u m  l i f t -drag   ra t ios  are plot ted 
as a fiu?ci;ion of Phch  number i n  figme 12 and corresponding  values 
of CL f o r  (L/D)- are  presented  in figure 13. 

Static  Zongitddinal  Stability 

Variation of pitchifig  ament w i t h  l i f t  coefficient f o r  several  Mach 
numbers is shown in   f igure  14. In  general, a l ineer   var ia t ion of the 
pitching-moment  curve is evideEt,  although  near-neutral  stability was 
experienced by the  configuration  for  the low Mach nuaber osci l la t ions 
at 14 = 0.92 md 0.84 f o r  a l i f t  coefficient of about 0.6. A similar 
rncdel (ref. L )  w i t h  an aspect-ratio-4 steel wing, but  hwing a hori- 
zontal t a i l  position abclzt 0.5b/2 above the wing chord  plane  extended, 
experienced  a  pitch-up manedver t o  'nigh mgles  of attack which was  so 
violent   that  the model was not able t o  recover. This maneuver began 
at about  the sane value of l i f t  coef f ic ien t   a t  which the  present model 
experienced  near-r?ectral  stability. 

Values cf  geriod from the  pitc3  oscil la%ions me s h m   i n  figure 15 
uld  converted t o  i n  figure 16. Vmiation of aerodynamic-center 
posit ion w i t h  %ch  number i s  presented i n  figure 17. These values were 
obtained  using  rceas-zed C b  with (2% from pitch-oscillation  periods 
a d  also frcur, xeasu-red values of C, plotted  against  CL i n  figure 14. 
The diszgree=ler,t i n  aerodynamic-center  position from the two methods, 
as much as 12  percent  cy may be czused by some noderate random lateral 
Kotims of the model which, as indicated by some recent  unpublished 
electronic  analog computer (REX) studies, can have a  large  effect  on 
values  determined frm the  period of the  pitch  oscil lations.  

- 

The effec% of wing f l e x i b i l i t y  on aerodynamic center was calculated 
by the  nethod of reference 4 end was found to ca-se a forward movement of 
l e s s   t h m  1 percent a t  subsonic  speeds md less thzn 2 Fercent at super- 
sonic  speeds. This increment was not  agplied  to the data. 

T a t 1  Xfffectiveness 

The effectiveness of the  horizcntal t a i l  i n  producing l i f t  and 
pitchizg moment is i l l x s t r a t ed   i n   f i gz re  18 along w i t 5  values from the 
t e s t  of E. mcdel with the s a  configuration  tail,   reference 9. Tnese 
ta i l   effect iveness   velues  were determiced by the method presented in  
reference 1. - 
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Dmping in  Pitch 

Tine  for  the  pitch  oscillation  to demp to  orie-half  amplitude 
plotted  against Vach nmber is  preseEted  in  figure 19. The sum of  the 
pitch-danping  coefficients ( C q  + &I&) in  figure 20 shows  considerable 
scatter,  end is probably  distorted  by  the  small rmdom laterzl  disturbence 
nentioned in the  section  on  "Static  Longitudinal  Stzbility."  The  general 
level  of  pitch  demging  for  this  configuretion is of the  mzgnitude 
encouxtered  by  previous simila rocket  nodels  end  indicates  the high 
values  of  pitch-damsing  coefficient  usual2y  experienced  near M = 1.0. 
A calculated vdue of  tail  pitch-damping  coefficient is also sham 
in  figure 20. 

Static  Directional  Stability 

Period  values  measured  from  oscillations in sideslip  are shown in 
figure 21 end  are  converted to hP* in figure 22 es i~ reference 12 
and zlso as  in  reference 6 for  other  rocket  nodels. 

I Longitudinal  aerodyllamic  coefficients  end  stability  derivatives 
'hve  been  presented  for an airpbe configuration  having a 450 swept 
wing  of  aspect  retio 4.0 and a low horizoGtal  tail  over a Mach number 
rer?ge  of 0.8 to 1.7. Comparisons  of  lift-curve  slopes  neasured in 
this  investigation  with  wind-tunnel dsta aEd  coorperisons  of  tail  effec- 
tiveness  with  other  rocket-model  data show good  agreenent. A line= 
veriation of pitching-moment  coefficient  with  lift  coefficient was 
evidenced  t'llroughout  the Ytch number  range of this  test  with  the  exception 
of  the  oscillations  observed  at a Wch nunber  of 0.92 and 0.84 for a lift 
coefficient  of  about 0.6 where  near-neutral  stability  was  e-rienced  by 
the  model.  Absence  of an unstable  break  in  the  pitching-monent  curve, I '  
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usurAlly associated with this wing,  indicates favorable location of the 
horizontal tail far the rmge of liTt coefficients and Yach numbers 
presented. 

Lag ley  Aeronzztical Ldmratory, 
NEtionzl Advisory Cmmittee fo r  Aeronautics, 

Ismgley Fiel&, Va., November 21, 1955. 
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TABLE I. - FUSEL4C-E NOSE AND TAIL ORDINATES 

X, 
in. 

0 
.060 
.122 
.245 
.480 
9 735 
1.225 
2.000 
2.450 
4.800 
7- 350 
8.000 
9.800 
12.250 
13.125 
14.375 
14.700 
17.150 
19.600 
22.050 
24.500 

r, 
in. 

0.168 
.182 
.210 
.224 
.294 
350 
.462 
639 
735 

1.245 
1.721 
1.&9 
2.155 
2.505 
2.608 
2.747 
2.785 
3.010 
3.220 
3 385 
3 500 
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TABU 11.- ESTIMATED ACCURACIES OF BASIC QUAWITIES 
Lkcrements may be  positive or negative] 

b! dan 9 9  w, 
percent da percent -, percent g h, percent - 

( 1) 

2.0 .1 2.0 4.8 1.5 1.3 

2.0 0.1 2.0 3.8 1.5 1.7 

( 2) 

.? 1.5 59 7 2.0 2.0 .1 

'Obtained by assming within fl to 2 percent of full-scale 

2Acc is  incremental  change in a (thet is, change  in a,t 
instrument  range. 

due  to cbmge in 6) 

TABU rn.- CALCWTED ACCURACY OF P A R A ~ ~ S  
[Increments may be  positive or negative1 

Increroente  in 
paraaeters  due to 

estimated 
errors in - 

I "1 

I Acc 

I Estimated  error . 
I 
Estimated  error 
in  percent 

"""I """ I """ 

.m24 .0057 I .0038 1 

.0016 1 .oolgI .0068 I .olio 
0 I 0 1 .0036 I .00&6 

~~~~ 

.mi4 ,0036 .coo2 .oo& 
.0036  .0046 """  """ 

.m22 .ooU .m89 .0132 

.042 
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/ 

Airfoil Sections 

VerticclI fin NACA 65AO03 

Horizontal fin NACA 65AOOb 

Wing NACA 65A00 6 I 
" HorizontoI Tdi l  

Aspect Ratio 
Td pe r Raf io  
Area ( b h l )  

A rea (totd) 
Vertical Tdi I 

Wing 
Aspect Ra-tio 
Ta per Ra.tio 
Area (total) 
M.A.C. 

4.00 
0.4 0 
O.?O sqfi 

1.37 sqft 

4.00 
0.30 
3.00qft 

.95 ft 

Figure 1.- Physical  chwacteristics of model. All dimensions i n  inches. 
I '  

:: . 

"1 I .  

" 



- I  

(a) Three-quarter froEt view. 

. .  I 

.. - - -  - .. 
" -. t 

(b)  Side view. 

Figure 2.- Photograpks of model. 



f 

" 

1r88160.1 
(e) Model on booster i n  launching position. 

Figure 2. - Concluded. 
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S t a t i o n  
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.2 0 .2 .4 .6 .8 1. 
q, t w i s t  s t a t i o n  

(b ) Loaded along 0.50-chcrd Lire. 
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F5gcre 3 .- !Twist in  the  Tree-streax  direction per uni t  lo& zpplied at 
varions  sta%ions  zlong wir.g span. 
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Figure 4.- Vzriztioz of test Remolds  nnxber,  besed on -wing mean aero- 
dynamic chord, with  Mach nurrrber. 
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Figure 5.- VsriEtion 02 r z t i o  of Tree-streeq  stski-c  Sressure t o  stmbard 
sea-level  pressure - d t h  Mach number. 
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(a> angle of attack. 

1.6  1.8 
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M 
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(b) T r i a  l i f t  coefficient.  

Figure 6 . -  Varietion of trim angle or' et teck and trim lift coefficient 
with Mach l?urnber. 
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e 9 6  
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0 0  

1.15  1.211. 
0 0  0 0  

77 . 1-35 
.92 1.00 1.09 1.18 1.30 1.41 1.57 1.72 

1.48 1.0 

%dm& 

Figure 7.- Lift coefficient plot ted aga’inst angle of attack  for  various 
Mach numbers and two t a i l  settings. 
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( a )  Factor f o r  l i f t -cuxe   s lope  to r ig id  wing valxes 

.16 

.12 
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.08 

n - 
.6 1.0 1.2 I .4 1.6 

Y 
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( 5 )  Xeasured 1ir”t-cume s l q e  wlth  wicd-tunnel  compwisons. 
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Figure 9. - Drag coefficient as a fun 
and 
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ct ion of lift coefficient  for various Mach numbers 
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Figure 10. - Verie"t,n of minimla d r q  coefTiciect w i t h  Mach number. 
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Figure 11.- Drag-due-to-lift  parmeter  plotted  ageinst Mach number and 
conpaison w i t h  zero leading-edge  suctiox. 
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Figure 12.- Variation of mximm lift-drzg ratios with Mach nuaber. 
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Figure 13.- L i f t  coefficient fo r  mxinum l i f t -drag  ratios fo r  various 
Mach numbers. 
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(a) 6 = 0'. 

Figure 14.- Pitching  moment as n function of lift coefficient for various 
Mach  numbers  and two tail settings. 
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Figure 14. - Concluded. 
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Figure 15.- Yeasued per505 of t he  pi tch  oscillation at various 
Yach number. 
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Figure 15.- Variztion of the pitching-moment-curve slope with &ch number. 
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FTgure 1.7.- Variation of aerodynamk-center position with k c h  number. 
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(3) Effectiveness of the horizontal tail in groiiucing pitching moment. 

Figure 18.- Effectivecess of the horizontel tail in producing lift snd 
pitching mornent at severel h c h  ??-umbers. 
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Figure 19.- Time for the pitch  oscillation to damp to one-hlf amplitude 
as a function of bhch number. 
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Figure 21.- Period of the oscillation in sideslip for various k c h  numbers. 
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Figure 22.- Vcriation of static directional stability derivative Cng* 
witi r -  Mach number. 
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